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The Kreutzerl-Fontan* operation has undergone a num- 
ber of significant anatomic modifications that have led 
to the present-day practice of total cavopulmonary 
artery connections using lateral t ~ n n e P 3 ~  or extracar- 
disc"' techniques. Interatrial fenestration to improve 
perioperative h e m o d y n a r n i c ~ , ~ ~ ~  arrhythmia circuit 
cryoablation to treat debilitating atrial re-entry tachy- 
cardia,'JO and atriopulmonary to total cavopulmonary 
Fontan c o n v e r s i ~ n ~ , ~ ~ - ~ ~  have added further treatment 
options that have resulted in enhanced survival,15 
arrhythmia c o n t r 0 1 ~ ~ ' ~ ~ ' ~  and improved functional 
~ l a s s . ~ ~ " - ' ~  
Most of the improvements with the Fontan metamor- 
phosis have been based on sound anatomic presump- 
tions that emphasized large systemic venous-to-pulmo- 
nary artery anastomoses, institution of the lateral 
tunnel technique to enhance venous flow and avoid 
pulmonary venous obstruction, institution of the extra- 
cardiac connection to avoid intraatrial suture lines, and 
pulmonary artery reconstruction to ensure flow without 
a hint of obstruction. 
The purpose of this paper is to review the various 
technical improvements of the Fontan operation that 
have led to the present-day improved survival and 
functional class. 
The conduct of the total cavopulmonary artery lat- 
eral tunnel or  extracardiac Fontan operation is based 
on the fact that a significant portion of the procedure 
can be performed using mild hypothermic (32°C) aorto- 
bicaval cardiopulmonary bypass with a beating decom- 
pressed heart. During this time, pulmonary artery 
isolation, mobilization, and reconstruction can be ac- 
complished by systemic-to-pulmonary artery shunt take- 
down, pulmonary artery band takedown, and patch 
augmentation of the main or  branch pulmonary arter- 
ies. This allows unencumbered cavopulmonary artery 
anastomoses. Moderate hypothermia (28OC), aortic 
cross-clamping, and cold blood cardioplegia are used 
for the intra-atrial lateral tunnel (when elected), atrial 
septectomy, and other left-sided (systemic) reparative 
procedures such as valve repairheplacement, obstruc- 
tive muscle resection, or  arrhythmia circuit cryoabla- 
tion, among others. This is followed by transatrial 
ventricular vent placement, atrial closure, cross-clamp 
removal, rewarming, ventilation, and separation from 
cardiopulmonary bypass. The central venous pressure 
is monitored. Transesophageal echocardiography is 
oftentimes used to evaluate the interatrial fenestration, 
valve repair, and cardiopulmonary flow characteris- 
tics. 
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SURGICAL TECHNIQUE 
1 Cannulation techniques. After sternotomy and relevant great vessel dissection, aorto-bicaval cannula- 
tion is performed. The aorta is cannulatecl (DLP, Grand Rapids, MI) using a single aortic purse-string 
(Ethibond; Ethicon, Somerville, NJ) The inferior vena cava is dissected extrapericardially to identify the 
hepatic vein tributaries. Cannulation (DLP or RMI; (Research Medical, Midvale, UT) (right-angled 
cannula) is performed as far away from the cavo-atrial junction as possible to permit adequate drainage and 
anencumbered lateral tunnel or extracardiac reconstruction as elected. The superior vena cava is completely 
dissected and niobilized superiorly to the innominate and subclavian vein tributaries. The azygos vein is 
doubly ligated, divided, and noted because the ligated stump will serve as the posterior landmark for the 
cephalic cavo-to-pulmonary artery anastomosis. The superior vena cava is cannulated (DLP or RMI 
right-angled cannula) at  the innominate vein junction. Cardiopulmonary bypass with slow cooling to 32°C 
can be commenced. At this point, systemic-to-pulmonary artery shunts can be ligated and the need for 
pulmonary artery augmentation at  the anastomosis site can also he evaluated. This figure shows the 
completed main pulmonary artery disconnection from the pulmonary artery trunk. We generally place a 
clamp across the pulmonary trunk before dividing the main pulmonary artery to prevent cavitary air entry 
into the beating heart. The proximal stump can be oversewn or  left clamped until aortic cross-clamping and 
cardioplegic arrest. It is preferable to close the leaflets of the pulmonary valve before stump closure to avoid 
the possibility of clot formation in the supravalvular stump, which may lead to systemic embolic 
complications. The distal main pulmonary artery almost always requires patch augmentation to prevent 
stenosis and ensure laminar flow. This figure also shows the cephalic superior vena cava-to-right pulmonary 
artery anastomosis in progress after the vena cava was divided (notice that a vascular clamp is placed on the 
cardiac end of the superior vena cava to prevent unwanted cavitary air entry). The right upper and lower 
pulmonary arteries are controlled with snugger tourniquets while the main pulmonary artery is controlled by 
a curved vascular clamp. The azygos vein stump is positioned posteriorly to correspond to the middle of the 
posterior (back wall) vena cava-to-pulmonary artery suture line. Interrupted sutures (PDS; Ethicon) are 
then used to complete the cephalic superior vena cava-to-right pulmonary artery anastomosis. 
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2 Cephalic superior vena cava-to-right 
pulmonary artery anastomosis has now 
been completed and preparation is made 
for the cardiac superior vena cava-to- 
right pulmonary artery anastomosis. Note 
that the linear incision at the inferior 
portion of the right pulmonary artery is 
made approximately 1 to 2 mm anterior to 
the most inferior position. This anasto- 
motic position appears to result in the 
most favorable anatomic reconstruction. 
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3 The cardiac superior vena cava-to-right pulmonary artery anastomosis is accom- 
plished by interrupted suture (PDS) technique to prevent stenosis and optimize the chances 
for anastomotic growth. 
There are experimental data’j to support the idea that the cephalic and cardiac 
venopulmonary artery anastomoses be placed into their respective sites in the right 
pulmonary artery at off-setting locations (cephalic superior vena caval flow favoring the left 
lung and the cardiac superior vena caval flow favoring the right lung) to prevent turbulence 
and energy which may occur when the opposing venous streams collide in the right 
pulmonary artery. The aforementioned preferential directional flows are constructed to 
take advantage of the theoretical benefit of pairing the smaller superior vena caval flow with 
the smaller left lung capacitance and the greater inferior vena caval flow with the greater 
right lung capacitance, respectively. The rationale against completely dividing the venopul- 
monary artery flows, ie, cephalic superior vena cava end-to-end to the left pulmonary 
artery and cardiac superior vena cava (inferior vena caval flow) end-to-end to the right 
pulmonary artery is the increasing evidence’* that a “hepatic factor” exists that may 
prevent the formation of pulmonary arteriovenous fistulas. Consequently, while it is 
important to have differential flow patterns, it is also very important that some mixing 
occur to distribute some inferior vena caval flow with the “hepatic factor” to both lungs. In 
general, we believe that tension-free, large venopulmonary artery anastomoses are critical 
to the success of the Fontan operation. We usually perform slightly off-setting anastomoses, 
as discussed, but not in cases in which there are anatomic difficulties that could violate the 
principal of a large and tension-free anastomosis. We never use venae cavae to discontinu- 
ous pulmonary artery anastomoses. 
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4 After the cavopulmonary anastomoses are completed, the patient’s temperature 
is cooled to 28°C. The aorta is cross-clamped and antegrade cold blood cardioplegia 
is administered. Dose is calculated from body surface area X 600, administered at  a 
pressure of <lo0 mm Hg and augmented by topical iced saline. This process is 
repeated with the full cardioplegic dose every 20 minutes. A lateral, linear atrial 
incision is made approximately 1 cm anterior and parallel to the crista terminalis 
from the superior vena cava to the inferior vena cava without entering the respective 
orifices. The resultant right atrial exposure and initial Gore-Tex (W.L. Gore & 
Associates, Phoenix, AZ) lateral tunnel reconstruction uses a running polypropylene 
suture technique are shown. We prefer to start the suture line approximate 1 cm 
superior and medial to the inferior vena cava 0s. Care is taken to avoid injury to the 
conduction system; the coronary sinus is left to drain into the left-sided “red” atrial 
compartment. 
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5 The medial and lateral Gore-Tex 
patch suture lines are shown. Sizing the 
Gore-Tex patch can prove to be problem- 
atic: too long will cause kinking and too 
short can result in disruption. We prefer 
to make the patch smaller rather than 
larger and use tailoring techniques along 
the medial suture line to conform the 
atrial tissue to the patch (ie, advancing 
the suture placement by  a factor of 1.5 or 
2.0 on the atrial tissue compared with the 
Gore-Tex patch). This usually results in 
an excellent lateral tunnel. 
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6 (A) The completed lateral tunnel is shown with two closely placed 2.7-mm holes (fenestrations). Some 
authors prefer to use three 2.7-mm holes”; however, we have found two to be adequate. (B) The 
punch-hole technique (2.7 mm punch; Scanlan International, St Paul, MN) is used to create the 
fenestrations. 
The fenestrations can be placed before or after the lateral tunnel reconstruction, depending on the 
surgeon’s preference. This fenestration technique is based on reports”-.”’ that have shown spontaneous 
closure over time. The advantages of this technique are that (1) the resultant systemic saturations are 
consistent and favorable; (2) snare techniques are not necessary, which obviates a secondary suture or 
transcatheter closure; and (3) the fenestrations tend to stay open with a high central venous pressure that 
is advantageous to the child. The disadvantages are (1) the need for long-term coumadin administration 
(we believe that Fontan patients ought to be anticoagulated indefinitely whether or not they have a patent 
fenestration”) and (2) the inability to adjust the fenestration in the event of low cardiac output or 
excessive cyanosis. The lateral suture line is also shown to be inferior to the free edge of the incised atrial 
wall. We often extend this suture line to the lateral border of the incised atrial wall for convenience. The 
reconstruction is completed by placing a ventricular vent (either through the appropriate superior 
pulmonary vein or through the wall of the newly created “red” atrium) and atrial closure. Intracardiac 
air is expelled and the aortic cross-clamp is removed. The patient is rewarmed, the ventricular vent is 
removed, and separation from cardiopulmonary bypass is accomplished. 
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6 (Continued) 
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7 Bilateral superior venae cavae are often encountered, especially in those cases 
with heterotaxy syndrome. This presents a significant potential problem because, if 
not corrected, the resultant lateral tunnel reconstruction connects a large inferior 
vena cava to a considerably smaller cardiac portion of the superior vena cava that in 
turn is connected to the inferior portion of the right pulmonary artery. To achieve 
unobstructed laminar flow from the inferior vena eava to the pulmonary artery, the 
cardiac end of the superior vena cava must be enlarged to accommodate the large 
flow. This figure shows one solution to this problem. Note that both superior venae 
cavae are anastomosed end-to-side into the corresponding main pulmonary arteries. 
Because the cardiac end of the right superior vena cava is small, Gore-Tex 
augmentation is performed from the cardiac superior vena caval orifice laterally and 
inferiorly with sufficient length to oppose the Gore-Tex lateral wall reconstruction. 
This ensures a large enough cardiac superior vena caval opening to handle the 
inferior vena cava flow. The difficulty with this kind of reconstruction is the high 
probability of sinus node dysfunction that accompanies incisions and suture lines in 
this area. Another solution to this problem is the extracardiac Fontan connection that 
employs synthetic or biologic tube graft to connect the inferior vena cava to the right 
pulmonary artery without intraatrial tunnels and the associated suture lines. 
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8 The nearly completed extracardiac Fontan operation using a Gore-Tex tube graft is shown. The 
technique of cardiopulmonary bypass, pulmonary artery isolation, and cephalic superior vena 
cava-to-right pulmonary artery anastomosis is much the same as previously described. Because the 
inferior vena cava-to-right pulmonary artery connection is extracardiac, intra-atrial entry is required 
only for those cases in which atrial septa1 defect enlargement or some other intracardiac intervention 
is necessary. Inferior vena cava disconnection and reconnection to the right pulmonary artery can be 
performed safely without cardioplegic arrest or  induced ventricular fibrillation and without cavitary 
air entry in a beating, perfused, and decompressed heart. Recent  report^^^,^^ have described various 
temporary extracardiac bypass techniques without cardiopulmonary bypass to accomplish the 
extracardiac Fontan, but we do not recommend this approach because of the hazards of poor 
perfusion, acidosis, and the difficult anastomoses that accompany such a technique. 
The obvious advantages of the extracardiac Fontan operation are (1) intra-atrial suture lines are 
avoided and, as such, are not a substrate for future atrial  arrhythmia^',^^; (2) aortic cross-clamp time 
can be significantly reduced or eliminated altogether in some cases; and (3) the reconstruction 
requires fewer technical judgments and is generally easier to perform. The disadvantages are (1) size 
considerations in small patients may limit the size of the extracardiac connection (we prefer an 18- to 
20-mm tube, while others might accept a 16-mm tube); (2) although fenestrations can be used, they 
tend to be more difficult to construct, adjust, and close; and (3) the long-term benefits and freedom 
from clot formation have not been proven. 
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9 Other modifications of the extracardiac Fontan operation may be used to convert 
patients with discontinuous pulmonary arteries resulting from the combination of a right 
classic Glenn operation and a right atrium-to-left pulmonary artery connection. Here a 
patient with the aforementioned Fontan connections is undergoing a revision to a total 
cavopulmonary artery extracardiac Fontan operation. An aortic homograft has a 
natural favorable curve to accomplish: (1) an end-to-end anastomosis between the distal 
homograft and the left pulmonary artery, (2) a side-to-side anastomosis between the 
homograft and the classic Glenn reconstruction, and (3) an end-to-end anastomosis 
between the proximal homograft and the inferior vena cava. Also shown in the figure is a 
right atrial pacemaker lead (APL) that can be placed in the event that an antitachycardia 
pacemaker is necessary. 
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10 If a longer segment is necessary to connect the left pulmonary artery and the 
classic: Glenn reconstruction, the aortic homograft may not be long enough, in which case 
a Gore-Tex graft may be necessary to create a composite graft to effectively connect the 
inferior vena cava to the total cavopulmonary artery reconstruction. The atrial 
pacemaker wire (APL) is shown in the left atrial appendage, which is a position that we 
have found to be optimal in the event that an antitachycardia pacemaker is needed.25 
192 MAVROUDIS, BACKER, AND DEAL 
1 1 Intraoperative, intracardiac (right atrium) electrophysiologic mapping is shown in a patient 
with atrial tachycardia who is undergoing atriopulmonary to total cavopulmonary artery Fontan 
conversion. A hand-held electrode is used to perform activation sequence mapping during atrial 
re-entry tachycardia. This procedure can be performed during normothermic, aortobicaval cardiopul- 
monary bypass as long as there are no left-to-right shunts (interatrial communications). 
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12 Diagrammatic representation of an open right atrial view in an atriopulmonary Fontan patient, 
without residual atrial shunts, who has been placed on normothermic aortobicaval cardiopulmonary 
bypass en route to EP mapping and arrhythmia circuit cryoablation, cavopulmonary artery 
conversion, and atrial antitachycardia pacemaker placement. 
In our series of patients, we found three major areas where tachycardia was localized. Area 1 ,  the 
area between the coronary sinus 0s and the inferior vena cava os, as well as the area between the 
atrioventricular valve annulus and the inferior vena cava 0s; Area 2, the lateral atriotomy that 
corresponded to the length of the crista terminalis; and Area 3, the region at the superior limbus 
corresponding to the prior atrial septa1 defect patch. A cryoprobe is shown just before application to 
Area 1. 
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COMMENTS 
Resternotomy 
Some patients will require Fontan revision due to 
pulmonary or systemic venous obstruction, valvular dys- 
function, or debilitating arrhythmias. Resternotomy in 
Fontan patients with large, thin-walled, and often times 
anterior right atria requires careful consideration of 
anatomic and pathophysiologic conditions that can 
easily be destabilized in the event of unwanted and 
uncontrolled cavitary entry. Despite expeditious femo- 
ral artery-femoral vein cardiopulmonary bypass, com- 
plications such as hypotension and systemic air embo- 
lism can lead to serious complications or  death. In  
selected patients with gigantic and anteriorly positioned 
atria, we recommend presternotomy femoral artery- 
femora1 vein partial cardiopulmonary bypass to decom- 
press the heart for more effective and safer rester- 
notomy. After appropriate dissection, conversion to 
aortobicaval cannulation and femoral vessel repair are 
performed. 
Intraoperative Electrophysiologic Mapping 
and Arrhythmia Circuit Cryoablation 
Some Fontan patients will develop significant atrial 
arrhythmias unresponsive to medical therapy. These 
patients may also have obstructive lesions and associ- 
ated decrease in functional class. We have reported on 
14 patients who underwent atriopulmonary to total 
cavopulmonary artery (lateral tunnel o r  extracardiac) 
connection with concomitant arrhythmia circuit cryoa- 
b l a t i ~ n . ~  Intraoperative electrophysiologic mapping was 
performed to confirm the preoperative findings. Figure 
11 shows an opened right atrial view in a patient with an 
atriopulmonary Fontan with significant arrhythmias 
who is undergoing electrophysiologic mapping en route 
to arrhythmia circuit cryoablation and conversion to a 
total cavopulmonary artery Fontan operation. Care is 
taken to avoid atriotomy in the event of a residual 
right-to-left shunt, which can result in systemic air 
embolism. A right atrial bipolar wire serves as the 
reference electrode and electrical pathway for arrhyth- 
mia stimulation. Electrophysiologic mapping is accom- 
plished by activation sequence mapping during atrial 
re-entry tachycardia. In some cases, the areas of 
interest (eg, the coronary sinus and tricuspid valve) are 
in the pulmonary atrium and cannot be safely mapped 
without the risk of air embolism. Based on electrophysi- 
ologic arrhythmia circuit identification, multiple cryoa- 
blation lesions can be placed (-60°C for 90 seconds 
each [Frigitronics, Shelton, CT]) in a linear fashion 
between the coronary sinus 0s and the inferior vena 
cava, between the tricuspid or relevant atrioventricular 
valve anulus and the inferior vena cava, along the full 
length of the crista terminalis, along the length of the 
superior septa1 limbus, and the 0s of the atrial append- 
age (Fig 12). Most of the cryoablation lesions are placed 
during warm cardiopulmonary bypass in a beating 
heart. When access to the compartmentalized pulmo- 
nary atrium is required, further cryoablation can be 
delayed until systemic cooling and cardioplegic arrest 
are established to avoid air embolism. 
Results 
Between 1990 and 1997,65 total cavopulmonary artery 
lateral tunnel or  extracardiac Fontan operations have 
been performed at our institution. In those 51 patients 
who had first-time Fontan reconstruction, there were 2 
deaths (4% mortality). In  those 14 patients who had 
atriopulmonary to total cavopulmonary artery Fontan 
conversion with arrhythmia circuit cryoablation, there 
was one death (7.1%). No patient developed cavopulmo- 
nary artery stenosis, which we believe is due to inter- 
rupted suture technique. All patients who were treated 
with arrhythmia circuit cryoablation had successful 
resolution of their arrhythmias (two patients developed 
new arrhythmias that have been easily controlled with 
single-drug therapy). 
Conclusion 
The innovative techniques that have modified the Fon- 
tan operation have had a profound effect on survival, 
arrhythmia control, and quality of life. 
The next hurdle for these patients will be to perfect 
an  effective pumping chamber for the right side of the 
heart. There have been experimental efforts to use 
modified skeletal muscle as a right-sided pumping 
chamber.26 Reconstructive efforts to include valvular 
function, however, have remained daunting problems. 
Advances in xenotransplantation may allow hetero- 
topic cardiac transplantation to provide right-sided 
cardiac function. The present-day important issues 
concerning immunosuppression and rejection will first 
have to be solved. 
Despite the unknown future results and limitations 
with the present-day Fontan operation, the majority of 
patients are enjoying a near-normal quality of life, 
leading us to continue this method of treatment until a 
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